Abstract. Geopolymer is a binder that can act as an alternative of Portland cement. Geopolymers use by-product substances such as fly ash, and can help reduce carbon di oxide emission of concrete production. This paper presents the results of a study on the fly ash based geopolymer concrete suitable for curing at ambient temperature. To activate the Silicon and Aluminium content in fly ash, a combination of sodium hydroxide and sodium silicate solutions was used. The setting and hardening of geopolymer concrete were obtained by blending blast furnace slag with fly ash instead of using heat curing. Ground granulated blast furnace slag was used at the rate of 10% or 20 % of the total binder. The tests conducted include compressive strength, tensile strength, flexure strength, sorptivity and volume of permeable voids (VPV) test. The geopolymer concrete compressive strength at 28 days varied from 27 to 47 MPa. Results indicated that the water absorption decreased with an increase of the slag content in the mixtures and eventual increase in strength of the geopolymer concrete. The results show that blending of slag with fly ash in geopolymer concrete improved strength and permeation properties when cured in ambient temperature.
Introduction
Geopolymer concrete can play a vital role in the context of sustainability and environmental issues. Approximately 5% of global CO 2 emissions originate from the manufacturing of cement. Use of geopolymer as a binder can reduce the greenhouse gas emission of concrete. Geopolymer concrete can be produced using the current concrete technology without any significant changes. However, some alkaline liquids are required in order to activate the fly ash to obtain the geopolymeric binder. The most common alkaline activator used in geopolymerisation is a combination of sodium hydroxide (NaOH) and sodium silicate.
The compressive strength of geopolymer concrete usually increases with the increase of concentration of NaOH solution, ratio of sodium silicate to sodium hydroxide, mixing time, curing temperature and curing time [1] . The values of density, modulus of elasticity, stress strain relationship and poison's ratio for geopolymer concrete were found to be similar to those of OPC concrete.
Most of the previous studies were conducted on heat-cured geopolymer concrete that is considered to be ideal for precast concrete members. Fly ash based geopolymer cured in ambient temperature showed lower strength gain at early ages as compared to heat-cured specimens [2] . Slow setting and strength gain are the main drawbacks of fly ash based geopolymer concrete when cured at ambient temperature. Hence this study attempted to produce geopolymer concrete suitable for ambient curing condition. Ground granulated blast furnace slag was mixed with low calcium fly ash instead of elevated heat to accelerate the curing of geopolymer concrete. Mechanical properties such as compressive, tensile and flexure strengths, and permeation properties such as sorptivity and volume of permeable voids of geopolymer concrete were studied.
Experimental Work
Materials: Low calcium Class F (ASTM C 618) fly ash was used for making geopolymer concrete. GGBFS was added to fly ash to study its effect on the strength and permeation properties of concrete. The chemical compositions of the fly ash and slag are given in Table 1 . The alkaline liquid used for geopolymerisation was a combination of sodium hydroxide (NaOH) and sodium silicate. The sodium hydroxide solution of 14M concentration was prepared by dissolving the flakes of NaOH in water. Sodium silicate solution obtained from a local supplier was used. The mass chemical composition of the sodium silicate solution was 11.5% Na 2 O, 30.0% SiO 2 and 58.5% water. Fine aggregate was river sand with fineness modulus of 1.97. Coarse aggregates were crushed granite with nominal maximum size of 7, 10 and 20 mm that met the Australian Standard specifications [3] . The fineness modulus of the combined aggregates was 6.12. Normal tap water and a naphthalene sulphonate polymer-based superplasticiser were used. 
Manufacture of geopolymer concrete:
The mixture proportions of geopolymer concrete mixtures are given in Table 2 . Mixture GPC1, GPC2, GPC3 and GPC4 were designed with a constant sodium silicate to sodium hydroxide ratio of 2.5 and with 10% or 20% slag in the fly ash-slag blend. The alkaline activator was either 35% or 40% of the binder. The geopolymer mixtures were designated with their variable constituents in the mixture. For example, A35 S20 represents a geopolymer concrete mixture having alkaline activator solution (A) as 35% of total binder and slag (S) as 20% of fly ash-slag blend.
The alkaline activator solutions were mixed together prior to adding to the dry materials. The fly ash and the aggregates were first mixed together in the pan mixer. This was followed by the addition of the activator solutions to the dry materials and the mixing continued for further about 3-5 minutes to produce fresh concrete. Geopolymer mixture with 35% alkaline activator was relatively sticky in nature. To improve the workability of the mixtures super plasticizer and extra water were added. The workability of the fresh concrete mixtures was determined by slump test [4] . The specimens were cast for compressive strength [5] , splitting tensile strength [6] , flexure strength [7] , volume of permeable void (VPV) [8] and sorptivity tests [9] . All the specimens were cured at 17-22 o C and 70±10% relative humidity. Three specimens were produced for each test and the results were reported as the average of three specimens. Compressive strength of GPC1 with 40% alkaline activator varied with the variation of slag content in the mixture. As shown in Figure 1 , the compressive strength of geopolymer concrete mixture increased from the early age of 7 days and continued to gain strength up to 90 days. At 28 days, Mixture GPC2 having 20% slag achieved 15% higher strength as compared to strength of GPC1 (10% slag). Strength of geopolymer mixtures GPC3 and GPC4 with 35% alkaline activator reflected the same strength increment like GPC1 and GPC2 due to different percentage of slag replacement. The Compressive strength of geopolymer concrete is significantly influenced by the amount of alkaline activator in the mixture. Decreasing the activator content from 40% to 35% of the binder without adding any extra water generally increases strength of geopolymer concrete [10] . Comparing the results of GPC2 and GPC4, it can be seen that GPC4 with reduced alkaline activator resulted in less compressive strength than the GPC2. The reduction of compressive strength of GPC4 is due to the increase of water to Na 2 O ratio. The additional water also decreased NaOH concentration in the mixture. From Table 2 it can be noted that adding extra water of 8 kg/m 3 in GPC4 increased the water to Na 2 O ratio as compared to GPC2. Hence presence of free water affected the strength by reducing NaOH concentration which caused reduced reactivity for geopolymerisation.
Splitting Tensile strength:
The splitting tensile strengths of the geopolymer concrete are given in Table 4 . The tensile strength results followed similar trend of compressive strength of the geopolymer concrete and increased with increase of age. Moreover, it can be observed from Table 4 that the experimentally determined values of splitting tensile strength are above the tensile strength (f' ct ) values calculated by using Eq. 1 as per AS 3600 [11] . It can be seen from Figure 2 that the use of slag as partial replacement of fly ash improved the splitting tensile strength of geopolymer concrete. The rate of strength development was slightly higher for GPC2 than GPC1 which continued up to 90 days of age. Geopolymer concrete mixtures GPC3 and GPC4 also showed strength improvement as the slag content increased from 10% to 20%. Again, the trend of the variation of splitting tensile strength was similar to that of compressive strength. 
Flexural strength:
The average flexural strength values of the geopolymer concrete mixtures for 7, 28 and 90 days of age are given in Table 5 . It can be observed that the addition of GGBFS in different amounts increased the flexural strength of geopolymer concretes. The effect of inclusion of GGBFS on the flexural strength followed the same general trend as the compressive strengths of geopolymer mixtures. Mixes designed with 35% alkaline activator and extra water (GPC3 and GPC4) achieved slightly less flexural strength than those having 40% alkaline activator (GPC1 and GPC2 respectively), however the reduction was less significant than the reduction in compressive strength of the mixtures. The 28-day flexural strength values obtained from the test were compared with the theoretical values calculated by the equation (Eq. 2) which is principally provided for OPC concrete [11] . The values are given in table 4. All mixtures showed much higher strength in test than that predicted by the equation.
Volume of Permeable Voids (VPV): The VPV tests of the geopolymer concrete specimens were conducted at 28 days of age and are plotted in Figure 4 . It can be observed from Figure 4 that the VPV of geopolymer concretes varied with the compressive strength of geopolymer mixtures. The mixture GPC2 with 20% slag showed smaller VPV value than mixture GPC1 with 10% slag. It can be noted from Figure 4 that, extra water in GPC3 and GPC4 influenced the pore formation in the geopolymer concrete which ultimately increased the volume of permeable voids as compared to mixtures having no added water. However, the values of VPV except GPC3 were less than 11% which were classified as "excellent" concretes according to VicRoads classification for concrete durability based on the VPV of vibrated cylinders [12] . Mixture GPC3 was just at the margin of 11-13% which were classified as "good" concrete [12] .
Sorptivity: Sorptivity tests were done at the age of 28 days. Figure 5 shows the comparison of sorptivity of different geopolymer concrete mixtures with different alkaline activator and slag content. Comparing the results of geopolymer concrete mixtures GPC1, GPC2, GPC3 and GPC4, it can be seen that sorptivity values decreased with the increase of compressive strength of geopolymer mixtures. Resistance to permeation increased with the increase of slag content in the mixture. However mixtures having 35% solution with extra water showed higher sorptivity as compared to those having 40% solution with no extra water. The sorptivity values can be improved by a decrease in the water content and an increase in binder content [13] . Papworth and grace (1985) [14] recommended the typical values of sorptivity for various performances of concrete. This recommendations are used in this study to rate the quality of the concretes. The geopolymer concrete mixtures can be classified as "very good", as the co-efficient of sorptivity values are less than 129.1×10 -4 mm/sec 1/2 [14] .
Conclusion
Four geopolymer concrete mixtures were designed with fly ash and slag blend as the binder source material. Compressive strength, tensile strength, flexure strength, sorptivity and VPV of ambient-cured geopolymer concrete were compared with the variation of slag content and alkaline activator content for a constant ratio of sodium hydroxide to sodium silicate solutions. The results are summarised below:
1) Compressive strength of geopolymer concrete increased with the increase of slag content. The addition of extra water and naphthalene based superplasticiser improves the workability of the fresh geopolymer concrete; however, addition of extra water with reduced alkaline solution decreased the compressive strength of geopolymer concrete.
2) The incorporation of slag in the fly ash based geopolymer concrete increased flexural and tensile strengths. The test results are higher than the values calculated by the equations given in AS 3600.
3) The 28-day permeation properties such as the sorptivity and VPV values decreased with the increase of slag content. Both sorptivity and VPV values decreased with the increase of compressive strength.
